In plastids of higher plants, the changes introduced into mRNAs by editing are restricted to conversions from C to U (5; 6; reviewed in 3). Compared to the high RNA editing frequency in plant mitochondria (441 sites in Arabidopsis thaliana; 7), relatively few editing sites are encoded in the plastid genome (25 sites in maize; 8). In addition to changing the coding properties of internal triplets in plastid messenger RNAs (9) , editing can also be involved in the creation of chloroplast reading frames by introducing initiator codons (by editing an ACG to an AUG start codon; 5; 6) or termination codons for translation (e. g. by converting a CAA into a UAA codon; 10). The restoration of conserved amino acids by plastid RNA editing has suggested that faithful editing is important for proper protein function in plastids. Transgenic experiments employing chloroplast transformation have demonstrated that RNA editing is an essential processing step in the generation of mature mRNAs (11) .
The chloroplast ndhB gene encodes a subunit of a plastid NAD(P)H dehydrogenase, a multiprotein complex that has been implicated in chlororespiration, cyclic electron flow around photosystem I and photoprotection (12; 13; 14; 15; 16) . The tobacco chloroplast ndhB mRNA is highly edited and contains as many as nine RNA editing sites (17) which is roughly one third of the total number of editing sites encoded in the tobacco plastid genome (18) . We have recently established that RNA editing at a specific site in the ndhB transcript is dependent on plastid function and is blocked in the absence of active plastid protein synthesis (19) . Here we have tested the dependence of ndhB editing on a key metabolic process in chloroplasts, photosynthesis. Using a set of photosynthetic mutants generated by plastid transformation we show that, while photosynthetic activity is not required for RNA editing to occur at most sites in the ndhB transcript, mutants defective in the light reactions of photosynthesis do not edit a single site in the ndhB mRNA. The site also remains unedited in etiolated seedlings thus resulting in the production of an NdhB protein differing in a single amino acid position from the NdhB protein in green leaves. These data establish an unexpected link between photosynthesis, light-induced chloroplast development and RNA editing.
EXPERIMENTAL PROCEDURES
Plant material, transplastomic lines and growth conditions -Sterile tobacco plants (Nicotiana tabacum cv. Petit Havana) were grown on agar-solidified MS medium containing 30 g/l sucrose (20) . A photosystem I-deficient tobacco mutant was constructed earlier by targeted deletion of the ycf3 reading frame (21), a mutant lacking the cytochrome b 6 f complex was obtained by knockout of the petN gene (22) . An ATP synthase-free mutant was generated by targeted deletion of the chloroplast atpB operon. Construction details will be described elsewhere (M. Hager and R. Bock, in preparation). Mutant plants were kept at 6 µE lux (low light conditions) or 60 µE (standard light conditions). analyze RNA editing in the plastid ndhB transcript: a photosystem I-deficient mutant generated by knockout of the plastid ycf3 reading frame (21), a cytochrome b 6 f complexdeficient mutant produced by targeted inactivation of the petN (ycf6) gene (22) and an ATP synthase-defective mutant lacking the plastid atpB operon (Hager and Bock, in preparation).
List of oligonucleotides
We included in our analyses both green plants (obtained by growth under low-light conditions) and white plants (grown under standard light conditions).
PCR amplification of ndhB cDNA with a 5' primer binding to a sequence in exon I and a 3' primer binding to a sequence in exon II yielded products corresponding in size to spliced mRNAs thus confirming amplification of cDNA and absence of residual contaminating DNA (data not shown). Unexpectedly, direct sequencing of the amplified cDNA populations revealed that in all non-photosynthetic mutants, ndhB editing site III was virtually completely unedited ( Fig. 1) whereas all other sites were found to be fully edited. Control sequencing of wild-type plants kept under identical conditions confirmed complete site III editing in wild-type tobacco (as had been established earlier; 17; 26) suggesting that the absence of active photosynthesis is the cause of the lack of site III editing in the mutants.
ndhB mRNA accumulation in non-photosynthetic mutants -Although we had shown earlier that plastid-encoded genes are faithfully transcribed and translated in nonphotosynthetic mutants generated by plastid gene knockouts (21) , it was important to establish that the ndhB mRNAs are equally stable in the wild type and in the transplastomic nonphotosynthetic mutants. As mRNA editing is a post-transcriptional process, dramatically decreased mRNA stability, theoretically, could result in rapid mRNA decay after transcription and thus could account for the lack of site III editing in the mutants (if one additionally assumes that the editing reaction at site III is significantly slower than the editing reactions at all other ndhB sites).
Comparative RNA gel blot analysis of ndhB transcripts in the wild-type and in the ∆petN and ∆atpB plants revealed no significant differences in ndhB transcript patterns and mRNA accumulation levels (Fig. 2) demonstrating that the absence of active photosynthesis in the transplastomic knockout plants does not affect ndhB transcription or mRNA stability.
ndhB site III remains unedited during skotomorphogenesis -Having established that
ndhB site III editing is critically dependent on active photosynthesis, we were interested to explore the biological significance of this finding. The most important non-photosynthetic stage during plant development is the early seedling stage after seed germination when the plant grows inside the soil and is not yet exposed to light. During this etiolated seedling phase, plastids are present in a pre-differentiated form termed etioplasts which, upon exposure to light, rapidly are converted into photosynthesis-performing chloroplasts. This developmental switch from plant development in the dark (skotomorphogenesis) to growth in the light (photomorphogenesis) is accompanied by rapid changes in gene expression patterns (27) . Interestingly, the plastid NAD(P)H oxidoreductase complex (and hence the NdhB protein) appears to serve important functions during both skotomorphogenesis and photomorphogenesis since it is not only present in green chloroplasts but accumulates to even higher levels in etioplasts (28) . When we comparatively analyzed ndhB RNA editing in etiolated seedlings and in green seedlings of maize (Zea mays), we found editing site III to be fully edited in green seedlings but essentially unedited in etiolated seedlings (Fig. 3) . RNA editing at site III changes a genomically encoded serine codon into a leucine codon. Hence, the NAD(P)H oxidoreductase complexes in etioplasts and chloroplasts differ in the identity of a single amino acid residue within their NdhB subunit: a (hydrophilic) serine residue is present during skotomorphogenesis and a (hydrophobic) leucine during photomorphogenesis.
DISCUSSION
In the present study, we have established a first case in which RNA editing appears to be employed for gene regulation in plant development. Editing at a single site in the plastid ndhB transcript is only observed under conditions of active photosynthesis resulting in the production of two different proteins from one and the same gene in a developmental stagespecific fashion: a serine-containing NdhB protein during skotomorphogenesis and a leucine-containing protein during photomorphogenesis. This editing-mediated developmental switch in the NdhB amino acid sequence is unlikely to be directly induced by light. Instead, our finding that ndhB mRNA unedited at site III is present in all nonphotosynthetic mutants (Fig. 1) suggests that, at the onset of photomorphogenesis, light induces synthesis of an active photosynthetic apparatus which in turn induces editing of site III in the ndhB mRNA and thus synthesis of the leucine-containing NdhB protein.
Two possibilities can be envisaged how photosynthesis induces ndhB site III editing:
(i) direct involvement of photosynthetic electron transport in the editing reaction at ndhB site III or (ii) a more indirect role for photosynthesis in RNA editing mediated by one of the reaction products of photosynthesis, for example, reduced ferredoxin, NADPH 2 , ATP, molecular oxygen or sugar. Alternatively, lack of site III editing under non-photosynthetic conditions could reflect redox regulation of the site-specific (nuclear) factor for ndhB site III editing. Plastid RNA editing sites are known to be specifically recognized by site-specific trans-acting factors (29; 30) that are likely to be encoded in the nuclear genome. It is well established that several nuclear genes are controlled by redox signals originating in the chloroplast and the redox state of the plastoquinone pool is one of the redox signals implicated in plastid-nuclear communication (31; 32; 33) . Thus it seems conceivable that redox regulation could couple ndhB site III editing with photosynthesis through switching on and off the synthesis of a nuclear specificity factor for editing of this site.
The developmental switch in the NdhB amino acid sequence is significant in that the NAD(P)H dehydrogenase is expressed and accumulates at the protein level in both green and etiolated tissue (28) . Although at present, the different functions of the plastid NADP(H) complexes in etiolated versus green seedlings are not yet exactly defined, recent work has suggested that, in chloroplasts, the complex is involved in cyclic photosynthetic electron transport (34; 14) and chlororespiration (12; 13), whereas in etioplasts, the complex provides protection against photooxidative stress during early chloroplast biogenesis (16) and also may contribute to the generation of a proton gradient required for insertion of proteins into (pro)thylakoidal membranes (35) . It is also noteworthy in this respect that recently, two functionally distinct NAD(P)H dehydrogenases were shown to operate in cyanobacteria (36) .
It may be tempting to speculate that, in higher plants, differential RNA editing could create functionally different forms of the plastid NAD(P)H dehydrogenase. However, more data on the physiological functions of the plastid NAD(P)H dehydrogenase complex is needed to be able to directly determine the functional differences between the leucine-containing NdhB protein made from edited RNA in the light and the serine-containing protein made from unedited RNA in the dark.
The discovery that RNA editing can be qualitatively regulated by physiological factors and/or environmental cues also could suggest that the frequency in plant cell organelles is higher than currently known: Usually RNAs extracted from green leaf material are used for the experimental identification of editing sites now raising the possibility that some developmentally regulated editing events not occurring in green leaf tissue have gone undetected thus far. In this respect, it is interesting to note that ndhB editing site III was reported not to undergo RNA editing in pea and bean chloroplasts (37) . Future experiments will determine whether this site is generally not edited in legumes or whether editing will occur under certain developmental or environmental conditions.
Our finding that the amino acid sequence of a plastid protein can be developmentally regulated by RNA editing suggests for the first time a functional role for this seemingly unnecessary extra step in plant organellar gene expression. In addition, from an evolutionary point of view, this (or a similar) scenario could explain the origin of RNA editing in plants:
Gene regulation by RNA editing and/or generation of two different proteins from one and the same gene by differential RNA editing might have provided the initial selective advantage leading to fixation and further spreading of RNA editing in mitochondria and chloroplasts (4).
In sum, we have provided evidence that, in the dicotyledonous plant tobacco as well as in the monocotyledonous plant maize, (i) active photosynthesis is required for RNA editing at a specific site and (ii) differential editing causes a developmental switch in the amino acid sequence of a plastid protein which, in turn, may regulate structure and/or activity of a plastid multiprotein complex. These data establish an unexpected link between photosynthesis, lightinduced chloroplast development and RNA editing. 10 µg of total cellular RNA were electrophoretically separated, blotted and hybridized to an ndhB-specific probe. The major mRNA species of 1.5 kb corresponds to mature monocistronic and spliced ndhB mRNA, larger transcript species reflect polycistronic and incompletely processed mRNAs (38) . ndhB transcript patterns and mRNA accumulation levels do not significantly differ between the wild type (wt) and the non-photosynthetic mutants (∆petN, ∆atpB) confirming that the lack of RNA editing at site III is not due to decreased mRNA
